ABSTRACT Cobalt (Co) and chromium (Cr) ions and nanoparticles equivalent to those released through tribo-corrosion of prosthetic metal-on-metal (MOM) bearings and taper junctions are detrimental to osteoblast activity and function in-vitro when examined as individual species. :Cr 3+ ions and Co:Cr nanoparticles reduced the percentage mineralization on all surfaces, with hydroxyapatite-coated surfaces having the least reduction.
ABSTRACT Cobalt (Co) and chromium (Cr) ions and nanoparticles equivalent to those released through tribo-corrosion of prosthetic metal-on-metal (MOM) bearings and taper junctions are detrimental to osteoblast activity and function in-vitro when examined as individual species.
Here we examined the effects of Co 2+ :Cr 3+ ions and Co:Cr nanoparticles reduced the percentage mineralization on all surfaces, with hydroxyapatite-coated surfaces having the least reduction.
In conclusion, our data suggests that previous studies investigating individual metal ions underestimate their potential clinical effects on osteoblast activity. Furthermore, the data suggests that hydroxyapatite-coated surfaces may modulate osteoblast responses to metal debris. This article is protected by copyright. All rights reserved
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INTRODUCTION
The early failure of metal-on-metal prostheses, in part due to failures of osseointegration of cementless components, has highlighted the adverse effects of wear and corrosion mediated release of cobalt (Co) and chromium (Cr) on the periprosthetic environment [1] [2] [3] . Previous studies by us and others have demonstrated the detrimental effects of particulate and ionic forms of cobalt and chromium debris on osteoblast survival and function [4] [5] [6] [7] [8] [9] Prosthetic surfaces are routinely modified topographically or chemically to alter their surface energy and wettability, making them more osseoconductive to promote osseointegration.
Some of the most commonly used alterations to prosthesis surfaces include grit-blasting, plasma-sprayed titanium or hydroxyapatite coating. Previous studies with grit-blasted prosthesis surfaces in animal models show greater bone ongrowth observed histologically compared to polished surfaces, resulting in stronger mechanical fixation [13] [14] [15] . Studies have also demonstrated better bone ongrowth and fixation of hydroxyapatite-coated prosthesis surfaces compared to grit-blasted surfaces 16; 17 . Although the effects of surface modulation on osseointegration have been extensively studied, the effect of metal ions and particles on the osteogenic response of osteoblasts on these surfaces remains unknown.
In this study we investigated the effects of clinical relevant combinations of Co and Cr ions on osteoblast activity and function. We also investigated if the interactions between the metal ions exert an additive or synergistic effect on osteoblast activity and function. Finally, we characterised the effect of prosthesis surface preparations on the osteogenic response of osteoblasts in the presence of Co/Cr ions and nanoparticles. The stability of these metal ions in culture media has been confirmed previously using flameatomic absorption spectroscopy 18 . Control treatment contained equivalent volume of sterile distilled water to maintain conditions, and referred to as 0 g/L treatments.
METHODS

Metal ion preparation and treatments
Co and Cr 2 O 3 nanoparticles (a kind gift from Dr Ferdinand Lali, Imperial College, London, UK) were suspended in 100% ethanol to form a 1000X stock of the working concentration.
Prior to treatments, the suspension was sonicated for 10 minutes to disaggregate the particles and diluted in osteogenic media to obtain the working concentration and observed under a microscope to confirm absence of aggregation. Control treatment contained equivalent volume of ethanol to maintain conditions. were 30mmx3mm (diameter x height), for culture in 6-well plates. The surfaces were modified using the same processes as a commercial prosthesis to achieve areal surface roughness (Sz) of 57µm for grit-blasted, 79µm for plasma-sprayed titanium coated surfaces and 66µm for hydroxyapatite-coated surfaces respectively. The coupons were gammairradiated and packed in sterile conditions for subsequent cell culture.
In this study, a combination of Co 2+ and Cr 3+ at 1000µg/L each was used to represent the concentration of metal ions in the synovial fluid 19; 25 . The effect of particulate wear debris was mimicked by treating the cells with 100 nanoparticles per cell of Co and Cr oxide (mean particle diameter~30nm) 26 ; 27 .
Osteoblast cell culture
Human osteosarcoma derived SaOS-2 osteoblast cells were cultured in T75 flasks with Dulbecco's MEM GlutaMAX™ containing 100U/mL penicillin, 100µg/mL streptomycin and 10% foetal bovine serum (FBS, Gibco®, Invitrogen, Paisley, UK) (referred to as complete DMEM). They were maintained at 37˚C in a humidified atmosphere of 95% air and 5% CO 2.
Cellular activity
SaOS-2 cells were seeded in a 96-well plate at a density of 5x10 3 cells per well in 0.2mL complete medium and left to adhere for the first 24 hours. The media was then replaced to DMEM© GlutaMAX™ containing 100U/mL penicillin, 100µg/mL streptomycin and 0.5%
FBS (referred to hereon as vehicle) ± metal ion treatments till day 7 at 37˚C in a humidified atmosphere of 95% air and 5% CO 2. The vehicle and metal ion treatments were replenished at day 4. Cellular activity was measured at day 7 using CellTiter 96® AQ ueous Non-Radioactive
Cell Proliferation Assay according to the manufacturer's instructions (Promega, Southampton, UK). Cellular activity was expressed as a percentage response relative to vehicle.
Alkaline phosphatase (ALP) activity
SaOS-2 cells were seeded in a 96-well plate at a density of 5x10 3 cells per well in 0.2mL complete medium and left to adhere for the first 24 hours. The media was then replaced with vehicle ± metal ion treatments till day 7 at 37˚C in a humidified atmosphere of 95% air and 5% CO 2. The vehicle and metal ion treatments were replenished at day 4. At day 7 the cells were washed with PBS and frozen with nuclease-free water at -80˚C. ALP activity was measured by para-nitrophenyl phosphate (pNPP, Sigma-Aldrich, Dorset, UK) hydrolysis, and normalised to DNA content measured by Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen, Paisley, UK). The data was expressed as a percentage response relative to vehicle.
Mineralization Assay
SaOS-2 cells were seeded in 48-well plates at a density of 10x10 3 cells per well in 0.5mL complete media till they reached confluence (usually day 3). The media was then replaced with vehicle ± metal ion treatments supplemented with 10nM dexamethasone and 50µg/mL L-ascorbic acid (Sigma-Aldrich, Dorset, UK) (referred to as osteogenic media) to promote osteoblast differentiation. Vehicle ± metal ion treatments in osteogenic media was replenished every 2-3 days until two days prior to the end of experiment, when 5mM
inorganic phosphate was added to the osteogenic media to promote mineralization. On day 7 the cells were fixed overnight in 100% ethanol and stained with 40mM Alizarin Red S (pH 4.2, Sigma-Aldrich, Dorset, UK). The plates were washed extensively with 95% ethanol and air-dried prior to scanning on a flatbed scanner. The percentage area of mineralization per well was quantified using ImageJ (http://imagej.nih.gov/ij/) and expressed as percentage response to vehicle.
Mineralization on prosthesis surfaces
Prosthesis surface mineralization was visualised by supplementing the feeding media with xylenol orange (Sigma-Aldrich, Dorset, UK), a fluorochrome that incorporates at sites of active calcification, but does not bind to hydroxyapatite coatings 28-30 .
Prior to cell seeding, the prosthesis surfaces were washed with PBS and pre-wetted with serum-free DMEM© GLUTAMAX™ for 60 min. SaOS-2 cells were seeded in 6-well plates containing prosthesis surfaces at a density of 15x10 4 cells per well in 3mL complete media till they reached confluence (usually day 3). Subsequently, the cells were treated with osteogenic media containing a combination of equivalent Co 2+ and Cr 3+ at 1000µg/L, or 15x10 6 nanoparticles each of Co and Cr 2 O 3 . The treatments were replenished every 2-3 days until 4 days prior to the end of experiment, when 5mM inorganic phosphate and 20µM xylenol orange were supplemented in the osteogenic media. On day 21, the cells were washed with PBS and fixed with 10% buffered formalin for 30min. Subsequently, the surfaces imaged using inverted wide-field fluorescent microscope (Leica DMI 4000B) using the N3 filter. The images were analysed for percentage mineralization using ImageJ.
Statistical analysis
All treatment comparisons were made to the vehicle using one-way ANOVA with Dunnett's multiple comparisons post-test or the Kruskal-Wallis test with Dunn's multiple comparisons post-test, depending on the normality of the data sets. The combinatorial effect of metal ions was analysed using the fractional-product method 31 . All analyses were conducted 2-tailed using a critical p-value of 0.05 using GraphPad Prism® (GraphPad Software, La Jolla, CA).
RESULTS
Effects of Co
2+
, Cr 3+ and Cr 6+ combinations on SaOS-2 cellular activity Figure 1A ). In comparison, Cr 6+ treatments reduced cell activity at concentrations of 50µg/L (p<0.0001), and 500µg/L (p<0.0001, Figure   1B ).
When SaOS-2 cells were treated with the Co 2+ :Cr 3+ combination at 5000µg/L, an additive effect was observed, with a lower cell activity compared to treatment with Co 2+ or Cr 3+ in isolation (p<0.0001, Figure 1A) . No further decrease in cell activity was observed for
:Cr 6+ combination treatment compared to Cr 6+ alone ( Figure 1B) .
Effects of Co
2+
, Cr 3+ and Cr 6+ combinations on SaOS-2 ALP activity
The ALP activity of SaOS-2 cells remained unaffected following 7 day treatment with individual metal ions up to the concentration of 50µg/L (Figure 2A-B) . Co 2+ and Cr
3+
treatments caused a reduction in ALP activity at 5000µg/L (p<0.0001, Figure 2A ). Cr6+ treatment reduced ALP activity at a lower concentration of 500µg/L (p<0.0001, Figure 2B ).
When SaOS-2 cells were treated with a combination of Co 2+ :Cr 3+ , a synergistic interaction was observed that further reduced the ALP activity compared to individual Co 2+ and Cr
treatments at 5000µg/L (p<0.0001, Figure 2A ). Co 2+ :Cr 6+ combined treatment had a biphasic effect with an increase in ALP activity at 5µg/L (p<0.01) and a decrease at higher concentrations of 50µg/L (p<0.0001) and 500 µg/L (p<0.0001) compared to vehicle ( Figure   2B ). Figure 2B ).
Effects of Co
2+
, Cr 3+ and Cr 6+ combinations on SaOS-2 mineralization
The percentage mineralization of SaOS-2 cells when grown in osteogenic media was reduced at concentrations of metal ions equivalent to those found in hip synovial fluid in patients with accelerated MOM bearing wear. Co 2+ treatment at 5000µg/L reduced the percentage mineralization compared to vehicle (p<0.0001), whilst a reduction in mineralization was observed with Cr 3+ treatments at 500µg/L (p<0.01) and 5000µg/L (p<0.0001, Figure 3A ).
Cr 6+ treatments elicited a biphasic response with an increase in percentage mineralization at concentration equivalent to serum concentrations (p<0.01 at 5µg/L) and a decrease in mineralization at concentrations equivalent to hip synovial fluid concentrations (p<0.0001 at 500µg/L, Figure 3B ).
Combined Co 2+ :Cr 3+ exposure also induced a biphasic response, with an increase in the percentage mineralization at 500µg/L (p<0.05) and a decrease at 5000µg/L (p<0.0001) compared to the vehicle ( Figure 3A) . The increase in percentage mineralization with 500µg/L of Co 2+ :Cr 3+ was also higher compared to Co 2+ and Cr 3+ individually (p<0.0001, Figure 3A) .
A reduction in percentage mineralization was observed with 500µg/L (p<0.0001) Co 2+ :Cr 6+ combined treatment, similar to the effect of Cr 6+ alone ( Figure 3B ). The Co 2+ and Cr
6+
combinations did not exhibit any interactions.
Effect of metal ions and nanoparticles on ALP activity of SaOS-2 cells grown on prosthesis surfaces
When SaOS-2 cells were grown on hydroxyapatite-coated surfaces without metal exposure, the ALP activity was lower compared to that observed on grit-blasted or plasma-sprayed titanium surfaces (p<0.0001, Figure 4 ).
In the presence of the Co 2+ :Cr 3+ metal ion combination, the ALP activity of SaOS-2 cells grown on hydroxyapatite-coated surfaces remain unchanged compared to vehicle, whilst a reduction was observed for cells grown on grit-blasted (p<0.05) and plasma-sprayed titanium surfaces (p<0.0001, Figure 4 ). Treatments with Co:Cr nanoparticles also reduced the ALP activity for plasma-sprayed titanium surfaces (p<0.0001), whilst it remained unchanged for cells grown on hydroxyapatite-coated and grit-blasted surfaces (Figure 4 ).
The ALP activity for cells cultured on hydroxyapatite coated surfaces remained lower compared to the grit-blasted or plasma-sprayed titanium surfaces in the presence of Co 2+ :Cr 3+ (p<0.01) and Co:Cr nanoparticles (p<0.01 and p<0.05 respectively, Figure 4 ). There was no difference in ALP activity observed for cells grown on grit-blasted and plasma-sprayed titanium surfaces for all conditions.
Effect of metal ions and nanoparticles on mineralization activity of SaOS-2 cells grown on prosthesis surfaces
When SaOS-2 cells were grown on hydroxyapatite-coated surfaces, the percentage mineralization was greater compared to cells grown on grit-blasted or titanium plasmasprayed surfaces (P<0.0001, Figure 5B ). The percentage mineralization on grit-blasted surfaces was also higher compared to mineralization on titanium plasma-sprayed surfaces (p<0.05, Figure 5B ).
When SaOS-2 cells were grown on hydroxyapatite-coated surfaces in the presence of
:Cr 3+ metal ions or Co:Cr nanoparticles, the percentage mineralization was reduced by 21% and 36%, respectively, compared to vehicle (p<0.0001, Figure 6 ). Figure   6 ). The decrease in percentage mineralization in the presence of Co 2+ :Cr 3+ metal ions or Co:Cr nanoparticles was less for hydroxyapatite-coated surfaces compared to grit-blasted or plasma-sprayed titanium surfaces (P<0.0001, Figure 6 ).
DISCUSSION
In this study we examined the effects of Co 2+ , Cr 3+ and Cr 6+ on human osteoblast-like cell activity, ALP activity and mineralization in vitro, at clinically relevant concentrations and those found in patients after MOM hip resurfacing or hip replacement [19] [20] [21] [22] [23] [24] . A greater detrimental effect on cell activity and function was observed with metal ion combinations compared to individual metal ions. Co and Cr ions or nanoparticles also reduced the osteogenic response of osteoblasts grown on prosthetic surfaces, and this effect varied with surface preparations.
Our findings are consistent with the previously described detrimental effects with individual ions on osteoblast cellular activity in vitro 6; 7 42 . In contrast, the effects with Cr 3+ may be more indirect with induced cellular stress resulting in a reduction in ALP production 43 . The increase in mineralization observed with 500µg/L Co 2+ :Cr 3+ treatment compared to individual metal ions is an unexpected finding. Whilst the exact mechanism for this remains unclear, there is evidence which suggests that apoptotic or necrotic cell bodies are associated with nucleation of the collagen matrix around which mineralization could progress [44] [45] [46] [47] . The previous report by Zijlstra et al. (2011) also described a greater reduction in cell number with combined treatments compared to individual metal ions, which might result in a slight increase in the nucleation of the matrix and subsequent mineralization.
Whilst these studies suggest a detrimental effect of metal ions on prosthesis osseointegration and speculate on the possible mechanisms involved, they do not inform us about the role that prosthesis surface preparations may play in the osteogenic response of osteoblasts at the prosthesis-bone interface. This was assessed by measuring osteoblast ALP activity and mineralization on routinely used prosthesis surface preparations with and without exposure to
:Cr 3+ metal ion combination or Co:Cr nanoparticles. Our study shows that the whilst the ALP activity of osteoblasts grown on hydroxyapatite-coated surfaces is lower compared to cells grown on grit-blasted and plasma-sprayed titanium-coated surfaces, their ability to mineralise is much higher. This is suggestive of accelerated cellular differentiation on hydroxyapatite-coated surfaces, with an early peaking of ALP activity and its reduction prior to the increase in mineralization [48] [49] [50] . This is supported by the greater osteoconductivity of hydroxyapatite-coated surfaces reported previously 51; 52 . In presence of metal ions or nanoparticles, the ALP activity remained unchanged for cells on hydroxyapatite-coated surfaces, whereas a reduction was observed for both grit-blasted and plasma-sprayed titanium-coated surfaces compared to untreated controls. Moreover, whilst the mineralization on hydroxyapatite-coated surfaces was reduced with metal ions or nanoparticles, the reduction for both grit-blasted and plasma-sprayed titanium-coated surfaces was more severe.
Thus, hydroxyapatite-coated surfaces may help protect the osteogenic activity of metal- 
